Experiments were performed to investigate the mechanism of action of DPI 201-106 on human heart muscle. In both control and myopathic muscles, DPI produced concentration-dependent increases in action potential duration, resting muscle tension, peak isometric tension, and duration of isometric tension. These changes were associated with increases in resting intracellular calcium and peak calcium transients as measured by aequorin. At higher concentrations of DPI, a second delayed Ca2l transient (L') appeared. L' was inhibited by tetrodotoxin and ryanodine, suggesting that DPI acts at both the sarcolemma and the sarcoplasmic reticulum. DPI toxicity was manifested by after-glimmers and after-contractions reflecting a Ca2l-overload state: DPI effects were mimicked by veratridine, a Na' channel agonist, and reversed by tetrodotoxin, yohimbine, and cadmium, Na' channel antagonists. These results suggest that DPI acts primarily as a Na' channel agonist. DPI may produce an increase in intracellular Ca2l by increasing intracellular Na' and altering Na'-Ca2" exchange across the sarcolemma. DPI may also increase intracellular Ca2" by directly altering sarcoplasmic reticulum Ca2" handling.
Introduction
DPI 201-106 (4-[3-(4-diphenyl-methyl-1-piperazinyl)-2-hydroxypropoxy]-1 H-indole-2-carbonitrile),' a piperazyinyl-indole, has been reported to act as a cardioactive agent with a novel mechanism of positive inotropic action. This agent does not stimulate histamine receptors, a-adrenoceptors, or 0-adrenoceptors and does not produce liberation of catecholamines (1, 2) . DPI does not increase cAMP levels nor does it interfere with sodium-potassium ATPase activity (1) . However, DPI 201-106 has been demonstrated to be a sodium channel agonist (2) (3) (4) . It has been suggested that the positive inotropic effect of this drug results from its sodium channel agonistic properties (2, 5, 6) . DPI also has been reported to exert a positive inotropic effect by increasing cardiac myofilament sensitivity to calcium (2, 6, 7) . The effects of DPI on excitation-contraction coupling have been studied in animal models but have not previously been reported in human ventricular myocardium.
Positive inotropic agents are thought to exert their cardiotonic effects by (a) increasing intracellular calcium concentration, (b) increasing Ca2" sensitivity of the myofilaments, or (c) altering the response of myofilaments to calcium activation of troponin C (8) . Intracellular calcium concentration can in turn be affected by intracellular sodium concentration. Inhibition of the Na/K ATPase activity with cardiac glycosides results in an increase in [NaJ] i and an increase in [Ca2+Ji via the sodium-calcium exchange mechanism. Sodium channel agonists also increase [Na+] i and consequently increase the [Ca21i] .
Therefore, changes in the sodium and calcium electrochemical gradients can alter intracellular calcium concentration.
The purpose ofthis study was to investigate the mechanism of action of a novel inotropic agent, DPI 201-106, in human cardiac muscle. The effects of this agent on cardiac contractility, intracellular Ca2+ handling, and electrophysiological properties in both normal and myopathic myocardium are described. Previous studies have shown that changes in the amplitude and time course of the intracellular calcium transients in cardiac muscle correspond closely to known drug actions at the subcellular level (9, 10) . Moreover, such studies have been very useful in delineating the mechanisms of actions of new inotropic agents (8 
Methods
Tissue preparation. Informed consent was obtained from all heart transplant recipients and from the families of all prospective heart donors. Hearts that were not usable for transplantation were obtained from organ donor patients and used as controls (n = 14). Muscles were obtained from patients undergoing cardiac transplantation due to end-stage heart failure (n = 13). 9 of 13 muscles were obtained from with ischemic cardiomyopathy. Organ bath studies revealed no significant differences between control and myopathic groups in inotropic effect for drugs whose mechanism was cAMP-independent. The clinical course of all donors was reviewed and the anatomy and histology compared for control versus myopathic groups as previously described ( 13) .
At the time of excision, the hearts were placed in an oxygenated physiologic salt solution at room temperature. The composition of the salt solution was as follows (in millimolars): 120, NaCl; 5.9, KCI; 11.5, glucose; 25, NaHCO3; 1.2, NaH2PO4-H20; 1.2, MgCl2 6H20; and 2.5, CaCI2. The solution was equilibrated with a mixture of 95% 02 and 5% CO2 to a pH of 7.4. The hearts were rapidly transported to the laboratory, where a suitable muscle was dissected and placed into a light collecting apparatus (14) . 26 of 27 muscles were from the right ventricle; one myopathic trabecula was from the left ventricle. For control and myopathic muscles, mean fiber diameters were 1 Because it is possible for drugs to interact directly with aequorin and thereby alter the luminescent reaction or the sensitivity of aequorin to calcium (14) , each ofthe drugs used in these experiments was tested in vitro as described by Blinks et al. (16) exchange. To facilitate this investigation, we inhibited the contribution of calcium handling by the sarcoplasmic reticulum. As illustrated in Fig. 4 , ryanodine in the presence of increasing extracellular calcium resulted in an increase in resting calcium, resting tension, increased amplitude of the calcium transient, and prolongation of the isometric contraction. The calcium transient had a short duration and the peak preceded the associated peak isometric contraction. Addition of effect has been attributed to its action as a sodium channel agonist. Table I demonstrates the effects of DPI on action potential parameters. DPI did not have statistically significant effects on resting membrane potential, action potential amplitude, or Vm.. DPI did, however, prolong action potential duration in both control and cardiomyopathic tissue in a manner similar to veratridine (Fig. 6 ). The effects of DPI and veratridine on action potential duration and muscle tension were reversed by the addition of tetrodotoxin or yohimbine (19) . The effects of DPI were concentration dependent in both control and myopathic tissues. Prolongation of action potential duration and muscle tension occurred at lower concentrations of DPI than did an increase in peak muscle tension.
Frequency dependency ofDPI. The actions of many agents on sarcolemmal ion channels are frequency dependent. We therefore investigated the effect of varying stimulation frequency on the action of DPI. Fig. 7 illustrates the effect on the calcium transient, amplitude of L', and resting tension as the frequency of stimulation was varied. At a stimulation frequency of 1 Hz, the calcium transient and tension responses were abbreviated (Fig. 7, inset) . The calcium-tension relation- Figure 5 . Yohimbine effects on action potential duration appeared similar to TTX effects (C). D illustrates similar prolongation of action potential duration in the presence of veratridine. Note that action potential duration in the absence of DPI is greater in cardiomyopathic muscle than in normal muscle as previously reported ( 12) . sient (Fig. 10) . Experiments with tetrodotoxin in the presence of high concentrations of DPI revealed a similar initial increase in peak calcium and tension (n = 10). Together, these experiments illustrate that the sodium channel effects of DPI are reversed by sodium channel antagonists and that an increase in intracellular calcium is necessary for DPI action. Fig. 11 illustrates the effect of ryanodine on tissue treated with DPI. Ryanodine decreased the peak aequorin signal and the amplitude of DPI-induced L' and abolished the second component of the isometric contraction. These data indicate that exposure to DPI affects sarcoplasmic reticular calcium handling either through direct action on the sarcoplasmic reticulum or indirectly as a consequence ofintracellular calcium overload. Fig. 11 also illustrates the combined effect of tetrodotoxin and ryanodine on a muscle that had been exposed to DPI. The addition of tetrodotoxin abolished the calcium transient remaining after exposure to ryanodine.
Discussion
Interpretation of aequorin light signals. The aequorin signal from control human heart muscle consists of a single component that rises to a peak and declines before the corresponding contractile response. This is consistent with current understanding of excitation-contraction coupling in the heart (20) (21) (22) (23) In the presence of veratridine and DPI, there was an increase in resting intracellular calcium and an associated increase in resting tension in control and myopathic human tissue. Furthermore, at higher concentrations ofthese agents, a second component (L') appeared in the calcium transient recorded from control muscles.
The increase in resting tension in the presence of DPI suggests that the intracellular calcium concentration achieved is above the threshold for activation. Sheu and Fozzard (30), using ion-sensitive electrodes to study ventricular muscle from sheep heart, reported a contraction threshold near 720 nM The sodium-calcium exchanger operating under control electrochemical gradients for sodium and calcium primarily removes calcium from the sarcoplasm. However, when there is a reduction in the sodium electrochemical gradient and/or an increase in the calcium electrochemical gradient, it is possible for the exchanger to move calcium into the cell. The ability of the exchanger to work in the reverse direction (i.e., move calcium into the cell and sodium out) has been demonstrated in 16 DPI and ryanodine, we modeled sodium-calcium exchange. When the intracellular and extracellular calcium concentration and the extracellular sodium concentration are known, the intracellular sodium concentration can be predicted from the equation:
where r is the coupling factor, Vm is the membrane potential, F is the Faraday constant, R is the gas constant, and T is the temperature. For the physiologic salt solution used in these experiments and the measured intracellular calcium concentration, intracellular sodium concentration is predicted to be 19 mM at resting membrane potential given an r of 3. Several mathematical models have been proposed to determine the current (LX) that could be generated by sodiumcalcium exchange (36) (37) (38) (39) (40) . All of these models are based on the assumption that the only energy sources are the sodium and calcium electrochemical gradients. One such equation, proposed by DiFrancesco and Noble, (40) is as follows:
where c is a variable for the position ofthe energy barrier and d and k are scale factors. This equation has been reported to closely reproduce the delayed second component of the slow inward current and the transient inward current (41, 42) . Sodium-calcium exchange has been implicated as the source of both of these currents.
The electrogenic nature of sodium-calcium exchange is of major physiological importance in cardiac function. During the early plateau phase of the action potential, calcium may enter the cell (promoting contraction) via the sodium-calcium exchanger (hyperpolarizing current), whereas calcium efflux (promoting relaxation and a depolarizing current) will predominate during repolarization (34, 36, 43) .
We assumed that the energy barrier was midway through the membrane and that the coupling factor was 3. The scaling variables from Eq. 2 were set to 0.2 for dand 0.001 for k. These values scale the current to an arbitrary level but to one that would be expected from a single myocyte. For this discussion, the resultant current polarity is more important than the magnitude. Substituting the intracellular and extracellular ion activities obtained in this study into Eq. 2, we calculated current-voltage relationships (Fig. 12) . From these curves it can be determined that there is virtually no exchanger current at resting membrane potential. This indicates that at resting membrane potential, sodium-calcium exchange does not result in movement of calcium across the sarcolemma. Under these conditions a depolarization (upstroke of the action potential) would result in a hyperpolarizing exchanger current. This indicates that calcium is being moved into the myocyte while sodium is being removed. This calcium is available for initiating monocyte contraction. The greater the depolarization, the greater the influx of calcium. As the intracellular calcium concentration increases, the calcium electrochemical gradient will be reduced, resulting in reduced calcium influx.
At the new intracellular calcium concentration, the exchanger begins to remove calcium from the cell at potentials more negative than -40 mV. As the sarcolemma begins to repolarize, the exchanger will then remove the calcium, bringing about relaxation.
The above analysis demonstrates that sodium-calcium exchange could entirely mediate the intracellular calcium concentration, depending upon the membrane potential. The action potential could control the time course of the calcium transient and subsequent contraction through its effect on sodium-calcium exchange. Action potential duration in the presence of DPI and ryanodine is prolonged. The action potential illustrated in Fig. 12 repolarizes through -40 mV at the peak of the contraction. This was the calculated reversal potential for sodium-calcium exchange. Calcium influx thus would have continued until that point, producing contraction. With further repolarization, calcium efflux would begin, resulting in relaxation.
Effect ofinotropicagents on action potentialparameters. As has been reported for other mammalian species, the action potential in human myocardium was markedly prolonged in the presence of DPI or veratridine (2, 3, 5, 44 Frequency dependency ofDPI. The effects of DPI appear to be frequency dependent. The duration of the action potential, calcium transient, and corresponding tension response were abbreviated at a 1-Hz stimulation rate. Tension duration and L' amplitude were also decreased at stimulation frequencies of 0.03 Hz. In the presence of varying frequencies, the peak calcium-tension relationship approximated the calcium concentration response curve at < 1 Hz frequency of stimulation in the presence of DPI. This indicates that the shift in the peak calcium-tension relationship in the presence of DPI may reflect the amount of intracellular calcium available at the level ofthe myofilaments as opposed to a change in the sensitivity of the myofilaments to calcium. Effects of other sodium channel agonists such as veratridine are also frequency dependent (28) .
The observed abbreviation of tension time course at lower stimulation frequency may be due to reduced sodium loading and enhanced sodium-calcium exchange. Lower frequency of stimulation could also enhance sequestration of calcium by intracellular stores i.e., the sarcoplasmic reticulum. This might explain the lack of postrest potentiation of contractile force until after 10-20 contractions have occurred (5) . At increased frequencies of stimulation, there is enhanced uptake by the sarcoplasmic reticulum, possibly due to a calmodulin-mediated effect and/or activation of calcium-dependent protein kinases that have synergistic effects. There is also enhanced dissociation of calcium from the myofilaments. The result is an increased loading of the sarcoplasmic reticulum and subsequent positive inotropic effect (3, 5 (44, 55) argues strongly that DPI exerts its effects primarily through its action as a sodium channel agonist. DPI effects also were reversed by known sodium channel antagonists, yohimbine and tetrodotoxin, and a calcium channel and sodium channel antagonist, cadmium. Tetrodotoxin blocks sodium channels; however, tetrodotoxin can reduce action potential duration. The reversal of DPI effects on action potential and isometric tension parameters might therefore be explained on the basis of a direct action of tetrodotoxin. This is unlikely, however, because yohimbine similarly blocks sodium channels but does not change action potential duration (19) . Cadmium on the other hand probably reverses DPI effects by blocking both sodium and calcium channels.
Sensitivity of the myofilaments to calcium. DPI has been reported to increase the sensitivity of myofilaments to calcium (2, 6) . This could account for its effects on cardiac muscle contraction: positive inotropy and prolongation of tension. It is difficult to address the question of whether an increase in sensitivity of the myofilaments to calcium exists when the agent involved elevates resting calcium and causes the appearance of L. However, DPI effects on calcium transients are qualitatively similar in control and myopathic myocardium. Therefore, a comparison between control and myopathic tissue appears appropriate. To determine whether there is an increase in myofilament sensitivity to calcium, we have compared aequorin data with data from skinned fiber preparations from the same hearts (56) .
Toxic effects of DPI. Toxic effects of DPI were noted at higher drug concentrations and in the presence of high extracellular calcium. These consisted of after-glimmers in the aequorin signals, after-contractions in the tension response and an increase in resting calcium and tension. It has been previously reported that after-contractions occur with toxic doses of most positive inotropic agents that increase intracellular calcium (57) (58) (59) . Experimental evidence suggests that afterglimmers and after-contractions are due to oscillatory release ofcalcium by the sarcoplasmic reticulum (59 The prolongation of the action potential with DPI may have clinical significance in that such prolongation could result in a "long Q-T syndrome." The occurrence of prolonged Q-T intervals is associated with the development of malignant arrhythmias such as torsades de pointes.
Effect ofDPI on excitation-contraction coupling in human myocardium. Cytoplasmic free Ca2" appears to be regulated by transport mechanisms in the sarcolemma, the sarcoplasmic reticulum, and the mitochondria. Contraction in cardiac muscle is influenced by Na+ and Ca2" electrochemical gradients, which suggest that the sodium-calcium exchange system has a role in the regulation of excitation-contraction coupling. DPI is an inotropic agent that prolongs the action potential and increases intracellular calcium via its sodium channel agonistic properties. DPI appears to have similar effects on human control and myopathic myocardium. The positive inotropic effect can be explained primarily on the basis of increased sodium loading and its resultant effect on the sodiumcalcium exchanger to increase intracellular calcium. The appearance of an L' component in the calcium transient of myocytes exposed to DPI reflects additional calcium influx via the sodium-calcium exchanger and from faulty calcium handling by the sarcoplasmic reticulum. The increase in intracellular calcium produces a markedly prolonged contractile response and positive inotropy. DPI may also produce positive inotropy by increasing sensitization of the myofilaments to calcium (56) .
